ABSTRACT Integration of retro-viral long terminal repeat (LTR) into the Marek's disease virus (MDV) genome can occur both in co-cultivation cell cultures and naturally in dual infected chickens. It is clear that the LTR insert is associated with the pathogenicity of MDV. The objective of this study was to compare the host responses to MDV with a different retro-viral LTR insert. Gene-chip containing chicken genome was employed to investigate the gene transcription profile of chicken embryo fibroblasts cells, and 795 genes were differentially expressed in chicken embryo fibroblasts infected with GX0101 with a reticuloendotheliosis virus LTR insert as compared to GX0101-ALV-LTR significantly. The differentially expressed genes were mostly associated with the regulation of transcription and the development of multiple organs. Based on the bio functions of the differential genes, infection of GX0101 was predicated with a greater development disorder of multiple systems, resulting in higher growth retardation, mortality, tumorigenicity, and immunosuppression in chickens than GX0101-ALV-LTR. Collectively, our results provided valuable insights into elucidation of the possible relationship between retro-viral LTR insert and the observed phenotypes caused by MDV recombinant viruses.
INTRODUCTION
Recombinant Marek's disease virus (MDV) strain integrated with avian leukosis virus (ALV), reticuloendotheliosis virus (REV), long terminal repeat (LTR), or other partial proviral sequences was isolated from cell cultures co-cultivated with MDV/ALV or MDV/REV (Isfort et al., 1992; Jones et al., 1996) . It has also been demonstrated that integration of LTR into the MDV genome can occur naturally in chickens (Davidson et al., 2002; Cui et al., 2010) . GX0101 was the first reported field strain of recombinant MDV that contained a REV LTR insert. The REV LTR in GX0101 genome was proved to decrease the oncogenicity in chickens at the early phase, but increase the potential for horizontal transmission of the virus, which might result in a greater growth and survival inhibition over the time within the hostpopulation Cui et al., 2016) . A recombinant MDV strain GX0101-ALV-LTR was constructed by replacing the REV LTR with an ALV LTR in the previous published study. GX0101-ALV-LTR virus showed similar horizontal transmission ability but weaker inhibitory effect on the growth rates of the infected chickens and induced weaker immunosuppressive effects (Sun et al., 2015) .
Avian leukosis virus and REV are avian retroviruses. The REV LTR contains both a promoter and an enhancer (Ruddell, 1995) . The ALV LTR showed similar function with the REV LTR (Cullen et al., 1985) . Therefore, the insertion of retro-viral LTR into MDV genome could activate or inactivate herpesvirus genes and alter their biological properties, as well as the transmission of retroviral information by herpesviruses (Jones et al., 1996; Witter et al., 1997; Cui et al., 2016) . It is clear that the LTR insert is associated with the pathogenicity of MDV. But the mechanism for the differential pathogenesis caused by the recombinant herpesviruses with a different retro-viral LTR is complex and not fully understood.
Global gene expression profiling involved in the host response to MDV infection was investigated systemi-3015 cally in numerous microarray studies, which facilitated to explore the molecular mechanism relating to MDV pathogenesis (Morgan et al., 2001; Sarson et al., 2008; Chen et al., 2011) . The influence of the REV LTR insert on global gene expression profiling of MDV-infected cells has also been defined. The present study reported the gene transcription profile of chicken embryo fibroblast (CEF) cells infected with recombinant MDV strains with a different retro-viral LTR and provided novel insights on the molecular basis of how retro-viral LTR insert alters the pathogenesis of MDV.
MATERIALS AND METHODS

Cell Culture and MDV Infection
Primary CEF cells were prepared from specific pathogen-free white leghorn chicken embryo, and seeded onto 3 individual flasks with the density of 5 × 10 6 cells/flask. Cells in 1 of the flasks were infected by GX0101 (1.5 × 10 5 PFU/flask), the other flask infected by GX0101-ALV-LTR (1.5 × 10 5 PFU/flask), and the last one mock infected as control. In total, 4 chicken embryos as experimental replicates were used.
Total RNA Extraction
Cells infected with GX0101 or GX0101-ALV-LTR were collected at 56 h post-infection by using TRIzol Reagent (Life Technologies, Carlsbad, CA, USA). Total ribonucleic acid (RNA) was extracted according to the traditional method. RNA integrity was checked on an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). The total RNA was then purified using an RNeasy Mini Kit (QIAGEN, GmBH, Germany) and an RNase-Free DNase Set (QIAGEN, GmBH, Germany) following the manufacturer's instructions. The RNA quality was assessed by formaldehyde agarose gel electrophoresis and quantified spectrophotometrically.
Probe Labeling, Microarray Hybridization, and Data Normalization
Fluorescently labeled complementary RNA probes were generated by using the Two Color Microarray Quick Labeling kit (Agilent Technologies, Santa Clara, CA, USA) following the manufacturer's instructions. Labeled complementary RNA probes were purified by RNeasy mini kit (QIAGEN, GmBH, Germany). A 4 × 44 K Agilent custom chicken oligo microarray (array ID: 04,2688) was used to compare transcription profile of GX0101-infected and GX0101-ALV-LTR-infected CEF cells. The microarray hybridization and data normalization procedures were carried out following the previous study (Cui et al., 2016) . Four biological replicates were used in each group with dye balance. A gene was considered to be significantly differentially expressed only if the log 2 median of the ratios of the Cy5: Cy3 signal (corresponding to GX0101: GX0101-ALV-LTR) was greater than 1.00-fold or lower than −1.00-fold with P ≤ 0.05.
Microarray Data Analysis
The functional annotations of gene ontology for significantly differentially expressed genes were performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) 6.8 (https://david.ncifcrf.gov/). Those genes were uploaded to the DAVID database as a gene list. The Gallus gallus whole genome was used as the background. Thresholds setting were counted ≥2 and P-value ≥ 0.1 with Benjamini correction. P-value ≤ 0.05 was considered significant. Ingenuity Pathway Analysis (IPA) online software (Ingenuity Systems; www. ingenuity.com) was also employed to analyze the function interpretation and molecular networks involving the differentially expressed genes. Those genes with known gene-probe ID numbers were mapped to functional categories, networks, and canonical pathways based on the IPA database with P-value ≤ 0.05 as the cut-off point as previously described (Chen et al., 2011) .
Confirmation of Microarray Results by RT-qPCR
A number of genes that were found to be differentially expressed in the microarray analysis were validated by reverse transcription-quantitative polymerase chain reaction (RT-qPCR). The primers were designed based on published target sequences by using the PRIMER3 program and listed in Table 1 . Glyceraldehyde-3-phosphate dehydrogenase was used as the endogenous reference gene. RT-qPCR was performed using a 7500 System (ABI, Singapore) with SYBR R Premix Ex Taq TM II (TaKaRa, China) as previously described (Livak and Schmittgen, 2001 ). Triplicate RT-qPCRs were performed on each complementary DNA (cDNA) to guarantee the reproducibility of the amplification.
RESULTS
GX0101-ALV-LTR Exhibited the Same Replication Rate in CEF as GX0101
Comparison of the virus growth curves showed that the recombinant MDV with different retro-viral LTR exhibited the same replication dynamics as previously reported (Sun et al., 2015) . Both viruses developed MDV-specific plaques at 56 h post-infection in the infected cells, indicating a transformation stage of MDV infection ( Figure 1 ).
Gene Transcription Changes in Host Cells Infected with Different MDV
To clarify the relationship between host response changes to MDV infection and an integrated LTR further, microarray analysis with GX0101-infected and GX0101-ALV-LTR-infected CEF cells were performed. The infected cells for microarray analysis were collected at 56 h post-infection. Transcription level of 795 normalized genes was significantly altered in the GX0101-infected cells during the transformation stage, as compared to the GX0101-ALV-LTR-infected cells, with 220 up-regulated genes and 575 down-regulated genes (shown in Supplementary Table) .
Validation of Differential Transcripts
RT-qPCR was employed to verify the differential transcripts. A subset of 6 selective differentially expressed genes between GX0101-infected and GX0101-ALV-LTR-infected cells showed consistent transcription level with the microarray analysis ( Table 1) .
The Type of Retro-Viral LTR Insert in MDV Genome Determined the Differential Host Responses to MDV
A subset of 65 differentially expressed genes have been characterized with specific bio functions in DAVID and 186 differentially expressed genes in IPA. The bio function of other genes remains to be determined. There were 17 enriched biological process (BP) terms associated with those differential genes (Figure 2 ). The enriched terms were mostly associated with the regulation of transcription and the development of multiple organs. Based on the activation z-score of the differential gene clusters (Figure 3 ), GX0101 showed a predicated increased activation state of organismal death and perinatal death; congenital anomaly of skeletal bone associated with developmental disorder, connective tissue disorders, and skeletal and muscular disorders; craniofacial abnormality associated with developmental disorder, connective tissue disorders, and skeletal and muscular disorders; malformation of brain associated with developmental disorder, neurological disease, and organismal injury and abnormalities; respiratory disease with dyspnea. Overall, the chickens infected with GX0101 were predicated with increased individual death, growth retardation, and systemic disorders. In line with that, GX0101 infection led to decreased activation of cellular and organismal development. The repressed state of cellular development was characterized by the decreased cellular function, maintenance, assembly, organization, and morphology; whereas the restrained state of organismal development was characterized by decreased development and function of cardiovascular and hematological system. Of particular importance, lymphoid tissue structure and development and cell-mediated immune response were decreased, which is corresponding to increased immunosuppression in GX0101-infected group as compared to GX0101-ALV-LTR-infected ones. In addition, the function of fatty acid metabolism associated with lipid metabolism, and small molecule biochemistry were also decreased. 
Gene Network Analysis
Gene networks were examined to investigate the relationships between these genes and predict the participation of other interacting molecules, and 186 differentially expressed genes with functional relationships were mapped to 16 possible interactive gene networks. The top gene networks with more than 10 genes (P ≤ 0.05) were listed in Table 2 . Gene networks with high-scoring are associated with vitamin and mineral metabolism, carbohydrate metabolism, cancer, inflammatory response, immunological disease, inflammatory disease, cardiovascular disease, pulmonary hypertension, respiratory disease. The second network includes 18 differentially expressed genes and the functions of innate immune responses are enriched in this structure, which would provide valuable insights into explaining the molecular mechanism of the differences in viral immunosuppression (Figure 4 ).
DISCUSSION
The insertion of REV LTR into MDV genome is associated with alteration of biological properties of MDV and the infected host, and may further provide a selective force for virus evolution (Isfort et al., 1992; Jones et al., 1996; Witter et al., 1997; Cui et al., 2016) . Previously, we constructed a recombinant MDV GX0101-ALV-LTR containing ALV LTR by replacing the REV LTR insert in the GX0101 genome (Sun et al., 2015) . The pathogenicity of recombinant virus GX0101-ALV-LTR showed slightly weaker growth retardation, immunosuppression, mortality, and tumorigenicity than its parental GX0101 in chickens. Herein, we studied the host cellular transcription profile of MDV integrated with LTR of different retro-viral sources using high-throughput microarray analysis. A subset of differentially expressed genes was reported, which facilitates to illustrate the different pathogenicity of these MDV.
It is clear that the LTR insert is associated with the pathogenicity of MDV (Sun et al., , 2015 . Our results further showed that REV LTR caused a predicated increased activation state of individual death, growth retardation, and systemic disorders, whereas decreased activation state of cellular and organismal development as compared to GX0101-ALV-LTR. In our study, several clusters of gene modules related to increased malformation of skeletal and brain, whereas decreased development of cardiovascular system and fatty acid metabolism were differentially expressed. In line with this, a set of genes which had top functions associated with embryonic, organismal, and tissue development were also clustered in Network 10. Regarding the top-most statistically significant genes, SH3PXD2B, GLI3, SLC19A1, HOXA1, and CCL3 were up-regulated in the present report. Importantly, we showed that a large set of differential genes were down-regulated, including TANK, SMURF2, FGF9, ABCA1, FBXL5, WT1, SYNE1, CYLD, etc. In humans, HOXA1 plays a critical role in early embryonic development and is critical in hindbrain segmentation, skull morphogenesis, and inner ear organogenesis (Liu et al., 2015) . Cylindromatosis (CYLD) has a predominant role in the regulation of NF-κB, and is subject to different mechanisms of regulating diverse physiological processes, ranging from inflammation and immune responses to the migration of cell and formation of osteoclasts (Massoumi, 2010; Sun, 2010) . Fibroblast growth factor 9 (FGF9) is one of the fibroblast growth factor family members. It is widely distributed in various tissues of the human body and involved in bone development, angiogenesis, embryonic development, damage repair, cell apoptosis, nerve regeneration, tumor growth, and other physiological and pathological processes, and can effectively promote mitosis and cell growth (Itoh et al., 2016) . F-box and leucine-rich repeat protein 5 (FBXL5) is required for maintenance of cellular and systemic iron homeostasis, and global inactivation of the FBXL5 results in early embryonic lethality (Muto et al., 2017) . The list of genes showed a close relationship with morphology of embryonic tissue, congenital anomaly of skeletal bone, craniofacial abnormality, malformation, and development of cardiovascular system, blood vessel and blood cell, providing a starting tool to elucidating the possible mechanism involved in growth retardation caused by MDV strain GX0101. The growth inhibition and malformation of multiple systems could indicate that the mortality was also increased when chickens were infected with MDV strain GX0101.
Alterations in Hox genes also have been associated with a variety of human cancers (Bhatlekar et al., 2014) . HOXA1 gene was identified as a critical mediator of mammary tumor progression in humans (Brock et al., 2014) . The increased level of HOXA1 might be related to the higher tumorigenicity character of MDV strain GX0101. In line with this, the expression of some important tumor inhibitor molecules like SMURF2 and CYLD were down-regulated. SMAD specific E3 ubiquitin protein ligase 2 (SMURF2) is a kind of Smad, which belongs to one of the E3 ubiquitin ligase in the ubiquitin proteolytic enzyme system (Lin et al., 2000) . SMURF2 regulates the cellular proliferation, apoptosis, senescence, and migration process in a ubiquitin ligase-depending or non-depending way, which is closely related to the development of tumors (David et al., 2013) . CYLD inhibits tumor cell proliferation by blocking Bcl-3-dependent NF-κB signaling (Massoumi, Note: Up-regulated genes were indicated in bold letters, the other genes were down-regulated.
2010
). In addition, a death-associated protein kinase 3 (DAP kinase 3) like protein also significantly downregulated, with a fold change of 8.8. death associated protein (DAP)-kinase was initially identified as a general mediator of cell death common to several apoptotic triggers. Moreover, DAP-kinase was found, by several criteria to be involved in the multi-step process of tumorigenesis (Cohen and Kimchi, 2001) . It was reported that the mRNA and protein expression are frequently lost in various human cancer cell lines. Taken together, these genes that have top functions associated with tumor development illustrated the possible tumorigenicity mechanism of MDV with LTR inserts. MDV with integrated REV LTR were characterized by an attenuated virulence but, rather, severe thymic atrophy (Jones et al., 1996) . The recombinant virus GX0101-ALV-LTR showed slightly weaker immunosuppression than its parental GX0101 in chickens (Sun et al., 2015) . The insertion of REV LTR altered the host transcriptional profile in response to MDV infection, possibly resulting in the novel phenotypic properties in chickens. Therefore, the insertion of viral LTR modulate the expressed transcription profiles of host cells infected with MDV appear to be a common strategy for the virus to combat the host immune responses (Cui et al., 2016) . A set of up-regulated genes including PLA2G10, CCL3, CYP27A1, DHCR7, ELF3, PLA2G10, POLQ, PPP1R16B, and RELT, as well as a batch of downregulated genes indicated above, were clustered, with top functions related to development of leukocytes, lymphocytes, and T cells. Analysis of these differentially expressed genes added potential involved genes and molecules such as NF-κB, interferon, immunoglobulin family (Ig G, Ig M, Ig A, Ig E), IL12 family, and IL 1 as hub molecules to produce a network whose top biological functions are inflammatory response, immunological disease, and inflammatory disease. It is worth noting the differentially expressed genes in this network that appear to interact with a large number of important immune molecules. NFκB is involved in many biologically relevant pathways, which generate signals from several surface receptors, including the BCR complex and TLR receptors, and mediate development of immune cells (Limon and Fruman, 2012; Mitchell et al., 2016) . It is well known that interferon alpha plays an important role in antiviral responses (Diebold, 2010) . In particular, immunoglobulin family related genes clustered in the network suggested that the host adaptive immune was indeed influenced (Sun et al., 2015) . These data collectively provided a molecular basis for the weaker Figure 4 . Functional network identified by IPA. The figure illustrates the types of interactions that occur between the genes identified in the study, and also illustrates that there are a lot of missing links (genes in white are genes that did not significantly change but were used to connect the significant genes). Node (gene) and edge (gene relationship) symbols are described in the key. The node color intensity is related to gene expression levels (red, up-regulated; green, down-regulated genes); the color-change scale bar is a log2 scale. Symbols for each molecule are presented according to their molecular function and the type of interactions they participate in.
immunosuppressive effects induced by MDV after replacing the REV LTR with ALV LTR in the GX0101 genome. Therefore, it is crucial to identify the precise role of each individual gene in MDV-induced immunosuppression, which will facilitate to eliminate the mechanism of any immunosuppressive effects induced by MDV live attenuated vaccines.
Taken together, we carried out a preliminary study on the host cellular transcription profile of recombinant MDV containing different retro-viral LTR. Our study provides some molecular evidences for the in vivo studies that the GX0101-ALV-LTR showed a weaker growth retardation, immunosuppression, mortality, and tumorigenicity after replacing the REV LTR in MDV genome. In more depth, investigations involving the interactions between crucial genes of host cells and different MDV will provide novel insights on the mechanistic basis of how viral LTR alters the pathogenesis of MDV.
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